Abstract. Existing data used to calculate the barrier transmission of scattered radiation from computed tomography (CT) are based on primary beam CT energy spectra. This study uses the EGSnrc Monte Carlo system and Epp user code to determine the energy spectra of CT scatter from four different primary CT beams passing through an ICRP 110 male reference phantom. Each scatter spectrum was used as a broad-beam x-ray source in transmission simulations through seventeen thicknesses of lead (0.00 to 3.50 mm). A fit of transmission data to lead thickness was performed to obtain α, β and γ parameters for each spectrum. The mean energy of the scatter spectra were up to 12.3 keV lower than that of the primary spectrum. For 120 kVp scatter beams the transmission through lead was at least 50 % less than predicted by existing data for thicknesses of 1.5 mm and greater; at least 30 % less transmission was seen for 140 kVp scatter beams. This work has shown that the mean energy and HVL of CT scatter spectra are lower than those of the corresponding primary beam. The transmission of CT scatter radiation through lead is lower than that calculated with currently available data. Using the data from this work will result in less lead shielding being required for CT scanner installations. Simpkin (1990) has published data on the transmission of scatter radiation from computed tomography (CT) scanners through various shielding materials. A refit of Simpkin's data is used by the National Council on Radiation Protection and Measurements (NCRP) report 147 (2004). The British Institute of Radiology (BIR) report on radiation shielding for diagnostic radiology (Sutton et al, 2012) uses the same data. The transmission data in these two reports are used by Medical Physicists to assist with the design of appropriate shielding for CT scanners. In his 1990 work Simpkin used the energy spectrum of the central ray of a primary CT beam as the source for his transmission simulations, rather than the energy spectrum of CT scatter. The objectives of this work are to use Monte Carlo modelling to determine the energy spectrum of CT scatter, and then calculate the transmission characteristics of this scatter through lead using further Monte Carlo simulations. The results are compared with the refit of the Simpkin data used by NCRP report 147 and the BIR publication.
Introduction
has published data on the transmission of scatter radiation from computed tomography (CT) scanners through various shielding materials. A refit of Simpkin's data is used by the National Council on Radiation Protection and Measurements (NCRP) report 147 (2004) . The British Institute of Radiology (BIR) report on radiation shielding for diagnostic radiology (Sutton et al, 2012) uses the same data. The transmission data in these two reports are used by Medical Physicists to assist with the design of appropriate shielding for CT scanners. In his 1990 work Simpkin used the energy spectrum of the central ray of a primary CT beam as the source for his transmission simulations, rather than the energy spectrum of CT scatter. The objectives of this work are to use Monte Carlo modelling to determine the energy spectrum of CT scatter, and then calculate the transmission characteristics of this scatter through lead using further Monte Carlo simulations. The results are compared with the refit of the Simpkin data used by NCRP report 147 and the BIR publication.
Materials and methods

The Epp EGSnrc Monte Carlo user code
The Easy particle propagation (Epp) user code (Lippuner et al 2011) for the EGSnrc Monte Carlo system (Kawrakow et al 2011) has been used to determine the energy spectra of CT scatter. Further simulations were carried out to determine the transmission of these spectra through lead. The Epp simulations can be configured to produce photon output files that contain the position, direction and energy of every photon that leaves the simulation geometry. These files will be referred to as .out files in the remainder of this manuscript. Separate .out files are produced for single Compton, single Rayleigh, multiple scatter and primary photons. Epp can also report the dose (Gy) that is deposited in a voxelized phantom, together with the error on the dose value. The EGSnrc transport parameters that were used for all simulations are shown in table 1. 
Calculation of the energy spectra of CT scatter
Scatter energy spectra were calculated by first simulating the transport of primary CT photons through an adult male mathematical phantom at a range of beam angles and positions along the phantom. The phantom was contained within a 1.5 m radius air-filled sphere. The Epp .out files that were produced during these simulations were analysed. These contained information on the energy and position of all scattered photons that left the spherical simulation geometry. It is these photons that would continue to the walls, ceiling and floor of the x-ray room in a real CT scanner installation. The histogram of the energy of these scattered photons was calculated to provide the scatter energy spectra.
2.2.1 Primary CT spectra. Primary CT energy spectra were generated using the Institute of Physics and Engineering in Medicine Report 78 spectrum processor (Reilly et al 1997) , a software tool that uses the data from Cranley et al (1997) at a resolution of 0.5 keV. The output files were converted to the EGSnrc tabulated spectrum format to enable their use as x-ray sources in later simulations. Spectra corresponding to peak kilovoltage settings of 120 and 140 kVp were used. Two spectra were generated at each kVp, the first using 6.8 mm Al filtration, 10° anode angle and 0 % ripple; the second using 9.8 mm Al filtration, 7° anode angle and 0 % ripple. These primary beams were chosen as a representation of CT systems in clinical use (Lewis et al 2006, NHS Purchasing and Supply Agency 2009 
Simulation geometry.
The simulation geometry was a 1.5 m radius air-filled sphere, defined with orthogonal Cartesian coordinates with the origin at the centre of the sphere. The ICRP 110 male phantom was positioned in the sphere with its long-axis aligned with the y-axis of the sphere. Figure 1 shows the simulation geometry, including the ICRP 110 phantom and electron, primary and scattered photon tracks from a simulation. The primary beam was simulated as a point source on the z-axis at z = -60 cm, and collimated to a rectangle in the x-y plane with dimensions 50 × 16 cm centred at x = y = 0. The focal spot position is similar to that found in clinical CT systems, and the x-ray field size is representative of the largest clinically-available beam at the time of writing (NHS Purchasing and Supply Agency 2009). Simulations were carried out with the phantom at four different positions so that the primary beam covered contiguous phantom anatomy from the apices of the lungs to the ischium of the pelvis. To approximate the rotational exposure geometry of a CT scanner the simulation was repeated eight times at each of the four phantom positions, with the phantom rotated about the yaxis by 0°, 45°, 90°, 135°, 180°, 235°, 270° and 315°. A total of 1×10 7 primary photons were used to generate each scatter spectrum. 
Analysis of .out files.
Each scatter spectrum was determined by calculating the histogram of photon energies from the combined single Compton, single Rayleigh and multiple scatter .out files from the eight angles at each of the four phantom positions. The spectra were produced with a 0.5 keV energy resolution. The mean photon energy of each spectrum was calculated.
The half-value layer of each scatter spectrum was determined by treating it as the sum of a series of mono-energetic 1 keV beams. The probability of emission at each energy bin was converted into air kerma using factors from Aichinger et al (2011) . The thickness of aluminium required to reduce the total kerma by half was then analytically calculated using the National Institute of Standards and Technology (NIST) attenuation coefficients provided by Aichinger et al (2011) .
As the energy of a Compton scattered x-ray is related to the scattering angle (Compton 1923) , maps showing how the mean scattered photon energy exiting the simulation geometry varied over the spherical surface were calculated for each of the eight primary beam angles for the 120 kVp, 9.8 mm Al filtration primary beam. An additional map was produced showing the mean scattered photon energy exiting the simulation geometry as a result of photons from all eight primary beam angles combined. This was carried out to determine whether a scatter spectrum calculated from photons exiting the geometry at all positions, as has been done in this work, is a fair approximation to the scatter spectra leaving at any specific point. 1×10 7 primary photons were used for each beam angle.
The maps were calculated from the same Epp .out files that were used to calculate the x-ray spectrum for this primary beam. The map for each primary beam angle combined .out files from all four phantom positions. The map of scattered photon energy at all beam angles was calculated from the combined .out files from all eight primary beam angles at all four phantom positions. For each map the 360° longitude range and 180° latitude range of the simulation sphere were divided into an 80 × 40 grid. The mean photon energy exiting each region of the grid was calculated from the photon data in the appropriate combined .out file.
Transmission simulations
The scatter energy spectra were used as the x-ray source in broad-beam transmission simulations through 17 thicknesses of lead, from 0.00 to 3.50 mm. The simulation geometry was an air-filled cuboid of dimensions 50 × 50 × 130 cm, with a 50 × 50 cm lead sheet of the appropriate thickness positioned half-way along the cuboid at z = 65 cm. A 50 × 50 cm broad-beam parallel x-ray source, using the calculated scatter spectra, was positioned at z = 0 and directed along the z-axis. The dose deposited in a 50 × 50 × 50 cm cube of air at the opposite end of the simulation geometry was recorded. Additional transmission simulations were carried out using the primary CT beams as the x-ray source in order to compare with the refit of the 1990 Simpkin data used in NCRP report 147. The same method and geometry as for the scatter transmission was used.
The transmission data were fitted to the equation developed by Archer (1983) 
The transmission of CT scatter through thicknesses of lead commonly used for CT scanner installations was then calculated using the transmission parameters and compared with the transmission determined using NCRP report 147 data. Figure 2a shows the primary CT energy spectra used as input into the scatter simulations; figure 2b shows the energy spectra calculated from the scattered photons leaving the simulation geometry. Table  2 shows that the mean energy of each scattered beam is between 8.7 and 12.3 keV lower than that of the corresponding primary beam. The HVL of each scatter beam is lower than the corresponding primary beam by between 1.5 and 2.5 mm Al. The breakdown of the number of scatter photons of each category contributing to the four spectra is 52.7 -55.2 % multiple scatter; 43.2 -45.4 % single Compton scatter and 1.6 -1.9 % single Rayleigh scatter. Figure 2: (a) The four primary CT spectra used as input to the scattering simulations; (b) the corresponding scatter spectra leaving the spherical simulation geometry. Figure 3 shows maps of how the mean scattered photon energy exiting the simulation geometry varies over the spherical surface due to irradiation of the phantom with a 120 kVp, 9.8 mm Al filtration primary beam at eight beam angles (0° -315°) around the long-axis of the phantom. The 0° angle corresponds to a posterior-anterior projection through the phantom. The colour of each pixel corresponds to the mean photon energy leaving that section of the simulation geometry. The range of mean energies for the single primary beam angles in figures 3a to h is 48.1 -67.7 keV; the range of mean energies for the map of scattered photons from all eight primary beam angles combined ( figure  3i ) is 51.9 -55.1 keV.
Results
Primary and scatter CT spectra
Variation in mean energy around the spherical geometry
Figure 3:
Colour maps showing how the mean scattered photon energy leaving the simulation geometry varies over the spherical surface following phantom irradiation at a range of primary beam angles around the long-axis of the phantom (a -h). Each map is calculated from the combined scattered photons at all four phantom positions. The map of scattered photons leaving the simulation geometry from all eight primary angle simulations combined is shown in (i). 120 kVp, 9.8 mm Al filtration primary beam used. Figure 4 shows the transmission of primary and scatter CT spectra calculated for this work alongside that of NCRP report 147. Tables 3 and 4 contain the fit parameters to equation 1, limiting half-value layer (HVLs) and reduced chi-squared value for each scatter and primary beam. The limiting HVL has been calculated as ln (2)/α.
Transmission of primary and scatter CT spectra
The maximum error in dose reported by Epp for the transmission simulations was 6.3 %. The individual errors have been propagated through the transmission calculations and used in the data fitting process to provide the uncertainties on the parameters and reduced chi-squared values in tables 3 and 4. Tables 5 and 6 show the calculated transmission through codes 4, 5 and 6 lead calculated using NCRP 147 data alongside transmission determined using coefficients in this work. The maximum error on the 120 kVp data points is 5.7 %; the maximum error on the 140 kVp data points is 6.3 %. Table 5 . Transmission of 120 and 140 kVp, 9.8 mm Al filtration CT x-rays through commonly-used lead thicknesses. 
Transmission comparison between scatter CT spectra and NCRP 147
Discussion
CT scatter spectra
The mean energy and first HVL of the scattered x-ray spectra are lower than the primary beams that were used to produce them. These differences are large enough to cast doubt on the validity of Simpkin's assumption that the central ray of a primary CT x-ray source can be used to represent the transmission of CT scatter.
Figures 3a -h show that for individual projections, using a 120 kVp 9.8 mm Al filtration primary beam there is considerable inhomogeneity in mean scatter photon energy around the simulation geometry (48.1 -67.7 keV). This is likely to be due to the angular energy dependence of Compton scattering. However, when the map calculated from scattered photons at all eight angles is considered (figure 3i), a scenario similar to a real scanner, a relatively uniform distribution of mean scatter photon energy is seen (51.9 -55.1 keV). This suggests that calculating CT scatter spectra using all photons that leave the simulation geometry is representative of the scatter energy spectrum leaving the geometry in any specific direction. It is assumed that this result also holds for the other primary beams used in the simulations.
Transmission through lead
The results show that transmission of CT scatter through lead is lower than predicted by NCRP report 147 data. For lead thicknesses of 1.5 mm and greater the transmission of 120 kVp scatter is less than half that calculated using NCRP report 147 data. The transmission of 140 kVp scatter is more than 30 % lower than when calculated with NCRP report 147 data.
The transmission of the two 120 kVp scatter beams is similar; the values of α, which determine the limiting HVL of the beams, overlap when the uncertainties are taken into account; this is also the case for the two 140 kVp scatter beams. This suggests that just one set of α, β and γ can be used for each kVp; the 9.8 mm Al filtration data would be the conservative choice.
Implications for shielding
The use of the CT scatter transmission coefficients calculated in this work rather than those in NCRP report 147 will result in less lead being required to shield CT scanner installations. Table 5 shows that for code 5 lead (2.24 mm thickness) used to shield a scanner using a 120 kVp, 9.8 mm Al beam the scatter coefficients predict 58 % less transmitted radiation than that determined using NCRP report 147 data. There is a larger decrease in transmitted radiation for the 6.8 mm Al filtered beams (table 6) .
Lead thicknesses in the range of code 4 -6 are usually required to shield CT x-ray rooms. The specific shielding requirements of a room are based on many factors including: scanner choice; room size and equipment layout; projected workload; and any existing protection offered by the walls, ceiling and floor. The use of the CT scatter transmission coefficients derived in this work rather than those in NCRP report 147 are likely to result in a reduction in required lead thickness of between one and two codes, depending on the specific barrier and room situation.
Limitations and further work
The scatter energy spectrum will be affected by patient size. It is expected that scanning patients larger than the 73 kg, 1.76 m tall ICRP 110 phantom will result in a larger proportion of multiple-scattered photons, therefore reducing the mean energy and first HVL of the scatter beam. The attenuation of the softer beam by the shielding barrier will be higher than predicted by the data in this work. Conversely, the scatter from a patient smaller than the phantom may lead to a beam that is more penetrating than predicted.
This work has not considered the contribution of x-ray tube leakage to the radiation reaching a barrier. This should be considered separately to estimate the additional shielding required. The CT scanner gantry offers some shielding in a real CT scanner; this is unlikely to affect the CT scatter energy spectra significantly, due to the rotational symmetry of the scan, as shown in figure 3 .
The x-ray beam-shaping filter has not been accounted for. The use of a beam shaping filter will result in hardening of the primary beam away from the mid-line. However, due to the large proportion of multiple-scattered photons present in the scatter spectra, it is expected that the presence of a beamshaping filter would not significantly affect the mean energy or first HVL of the calculated spectra. In addition to hardening the beam, the shaping filter will also reduce the beam intensity. This intensity reduction will be largest for the thickest part of the shaping filter, thereby reducing the influence of the hardened sections of the primary beam on the energy spectrum of the whole.
Further work to directly measure the energy spectra of CT scatter using an x-ray spectrometer will enable a comparison between Monte Carlo-generated spectra and experimentally-measured spectra. A 32 cm diameter PMMA CT dosimetry phantom could be centred in a scanner to produce scatter. The x-ray spectrometer could be positioned some distance from the gantry to measure the energy spectrum of the scatter radiating from the phantom. A Monte Carlo simulation of the same experimental setup could be run, and the energy spectrum of the scatter at the location of the spectrometer calculated. Further comparisons could be made for other positions in the CT scanner room.
Conclusions
This work has shown that for 120 and 140 kVp primary CT beams the energy spectrum of CT scatter differs from the corresponding primary CT spectrum. The transmission properties of each modelled scatter spectrum through lead differ significantly from the transmission predicted by data in NCRP report 147. The use of the transmission coefficients derived in this work will result in less lead shielding being required for CT scanner installations. It is expected that a reduction of between one and two codes of lead will be possible, depending on the specific barrier and room situation.
